the optimal TC ranges for lowest mortality vary by sex and age. 12,815,006 Korean adults underwent routine health examinations during 2001-2004, and were followed until 2013. During follow-up, 694,423 individuals died. U-curve associations were found. In the TC ranges of 50-199 and 200-449 mg/ dL, each 39 mg/dL (1 mmol/L) increase in TC was associated with 23% lower (95% CI:23%,24%) and 7% higher (6%,7%) mortality, respectively. In the age groups of 18-34, 35-44, 45-54, 55-64, 65-74, and 75-99 years, each 1 mmol/L higher TC increased mortality by 14%, 13%, 8%, 7%, 6%, and 3%, respectively (P < 0.001 for each age group), for TC ≥ 200 mg/dL, while the corresponding TC changes decreased mortality by 13%, 27%, 34%, 31%, 20%, and 13%, respectively, in the range < 200 mg/ dL (P < 0.001 for each age group). TC had U-curve associations with mortality in each age-sex group. TC levels associated with lowest mortality were 210-249 mg/dL, except for men aged 18-34 years (180-219 mg/dL) and women aged 18-34 years (160-199 mg/dL) and 35-44 years (180-219 mg/dL). The inverse associations for tC < 200 mg/dL were stronger than the positive associations in the upper range.
. Persons (n = 26,136) with missing information on serum total cholesterol, fasting glucose, blood pressure, and body mass index (BMI) were excluded, as were 3,665 individuals with extreme anthropometric measures and another 210 with a missing date of the health examination. The final study population included 12,815,006 participants, who were followed until December 31, 2013 through the Resident Register of Korea. The authors were granted access to the anonymized data by the NHIS, without specific informed consent from the participants according to Korean law. This study was approved by the Institutional Review Board of Catholic Kwandong University with a waiver of informed consent. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) checklist for cohort studies was used to guide the reporting of our study.
Data collection. Serum TC and fasting glucose were assayed using enzymatic methods. Blood pressure was measured once in a seated position using a standard mercury sphygmomanometer, and the systolic blood pressure was measured as the first Korotkoff sound. Weight and height were measured to the nearest kilogram and centimeter, respectively 19 . BMI was calculated by weight in kilograms divided by the square of height in meters (kg/m 2 ). Information on smoking history, alcohol use, and known heart disease or cancers was collected via a self-administered questionnaire. A standard protocol officially registered by the Korean government was applied for health examinations and data collection. External quality assessments of clinical chemistry were regularly performed 20 .
Statistical analysis. Baseline The hazard ratios (HRs) for death were calculated using Cox proportional hazards models stratified by age (years) at baseline (18-24, 25-34, 35-44, 45-54, 55-64, 65-74, or 75-99) . In the multivariable model, the following variables were adjusted for: age at baseline (continuous variable; within each age group), sex, smoking status (current smoker, former smoker, never smoker, or missing information), alcohol use frequency (none, 2 days/ month-2 days/week, 3-7 days/week, or missing information), physical activity (at least once a week; yes or no), systolic blood pressure (<120, 120-139, or ≥140 mm Hg), fasting glucose (<100, 100-125, or ≥126 mg/dL), and BMI (<18.5, 18.5-24.9, 25-29.9, or ≥30 kg/m 2 ).
The apparent optimal ranges of TC for survival were determined by a general inspection of the curvilinear association. Generally, the interval of 40 mg/dL (roughly 1 mmol/L) with the lowest risk (the lowest unweighted geometric mean of HRs in 4 consecutive TC categories in the categorical analysis, and in 5 consecutive 10-mg/ dL TC levels in the spline analysis [for example, the points of 200, 210, 220, 230, 240 mg/dL]), were considered the optimal ranges. Subgroup analyses by sex and age, as well as various categorical, spline, and linear analyses, served as sensitivity analyses. All p-values were 2-sided. All analyses used SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Ethics approval. This study was approved by the Institutional Review Board of Kwandong University (Gangneung, Republic of Korea).
Results
During a mean 10.5 years of follow-up, 454,546 men and 239,877 women died. At baseline, the participants' mean ± SD age was 44.4 ± 14.2 years, their mean TC level was 194.2 ± 49.0 mg/dL (Table 1) , and 11.2% of participants had high TC levels (≥240 mg/dL). Individuals with higher TC levels were older and had higher levels of fasting glucose, systolic blood pressure, and BMI (Table 1) . People with TC ≥240 mg/dL tended to be non-drinkers and were more likely to have comorbid heart disease, stroke, or cancer. The number of individuals was highest in the TC range of 180-189 mg/dL ( Table 1 , Supplementary Fig. 1 ).
TC concentrations according to sex and age. Men had on average higher TC levels than women between 24-25 to 48-49 years old, while women had higher levels than men in the age ranges of 18-23 years and ≥50 years ( Fig. 1 , Supplementary Table S1 ). Among men, the mean TC levels increased from 159.0 mg/dL at 18-19 years to a maximum of 201.4 mg/dL at 50-51 years, and among women, the mean levels increased from 170.5 mg/dL at 20-21 years to a maximum of 212.4 mg/dL at 56-57 years. The decrease in TC levels after the peak values were reached was greater in men than in women. The gradient of increase in TC levels with age was steepest from 18-19 to 28-29 years in men, while it was steepest from 44-45 to 52-53 years in women ( Fig. 1 ).
Associations between total cholesterol and mortality. U-curve associations between TC levels
and mortality were found in both men and women (Fig. 2) . The TC range associated with the lowest mortality was 210-249 mg/dL ( Supplementary Table S2 ). When age was further considered, U-curve associations were observed regardless of sex or age (Fig. 3 ), and the optimal TC range for survival was 210-249 mg/dL for each age-sex group, except for men at 18-34 years (180-219 mg/dL) and for women at 18-34 years (160-199 mg/dL) and at 35-44 years (180-219 mg/dL) ( Supplementary Table S3 ). In the spline analysis ( Fig. 4 , Supplementary Fig. 2 ), the TC ranges associated with the lowest mortality were approximately 200-240 mg/dL, except for men at 18-34 years (approximately 180-220 mg/dL) and for women at 18-34 years (approximately 160-200 mg/dL) and at 35-44 years (approximately 180-220 mg/dL).
When assuming linear associations for TC levels of 50-449, 50-199, and 200-449 mg/dL, each 39 mg/ dL (1 mmol/L) increase in TC was associated with 8% lower (HR = 0.92, 95% CI = 0.917-0.922), 23% lower (HR = 0.77, 95% CI = 0.76-0.77), and 7% higher (HR = 1.07, 95% CI = 1.06-1.07) mortality, respectively ( Fig. 5 ). At cholesterol levels <200 mg/dL (Table 2) , inverse associations were the strongest in men aged 45-54 years and women aged 55-64 years, the age group with the highest mean TC level in both sexes (P interaction [age] <0.001). At cholesterol levels ≥200 mg/dL, the HRs per 39 mg/dL (1 mmol/L) higher levels were highest in the youngest groups (aged 18-44 years), and lowest in the oldest group (aged 75-99) years in both sexes (P interaction [age] <0.001).
The associations were modestly stronger in men than in women at TC levels of 50-449, 50-199, and 200-449 mg/dL (P interaction [sex] <0.001 in each TC range), when all ages were combined. At cholesterol levels <200 mg/dL, men had stronger inverse associations than women in age groups <65 years.
Associations across standard classifications of TC.
Compared to the desirable levels of <200 mg/dL ( Supplementary Table S3 ), borderline high levels of 200-239 mg/dL were associated with a lower risk of mortality in each age-sex group except for women aged 18-34 years, while high levels of ≥240 mg/dL were associated with a decreased risk in both sexes and each age group except for women aged 18-44 years and men aged 18-34 years, in whom high levels were associated with increased mortality.
Discussion
A U-shaped relationship between TC and mortality was observed in each age-sex group. TC levels associated with the lowest mortality were 210-249 mg/dL in both sexes in all age groups, except for the youngest groups of men, aged 18-34 years (180-219 mg/dL), and women aged 18-34 years (160-199 mg/dL) and 35-44 years (180-219 mg/dL). At TC levels of 50-199 and 200-449 mg/dL, each 39 mg/dL (1 mmol/L) increase in TC was associated with 23% lower (95% CI = 23-24%) and 7% higher (6-7%) mortality, respectively. Inverse associations in the lower TC range were strongest at the ages for which the mean TC levels were highest (men aged 45-54 years and women aged 55-64 years), while positive associations in the upper TC range were strongest in the youngest Previous cohort studies have reported inconsistent results on the shape of associations between TC and all-cause mortality, including positive linear, inverse, U-curve, and reverse-L-curve (or reverse-J-curve) associations 3, [8] [9] [10] [11] 13, 14, 17, 22 . Some previous studies suggested different shapes of associations by sex and age 3, 17 . The associationbetween TC and mortality was substantially modified by age and, to a lesser degree, by sex, in our study. Our study clearly demonstrated that the shape of association is a U-curve in each sex and each age group, including those aged 75-99 years (mean age: 79.0 years), which constituted 154,321, 80,776, and 18,080 elderly people Figure 3 . Hazard ratios * associated with 18 total cholesterol (TC) categories for mortality by sex and age. TC categories (mg/dL: <120, 120-129 to 270-279 by 10, ≥280, 220-229 as reference). The midpoint was used as a representative value for each TC category, except for both ends (112 and 296), for which the median of all participants was used. *Hazard ratios and 95% confidence intervals were calculated using Cox hazards models stratified by baseline age (years: 18-24, 25-34, 35-44, 45-54, 55-64, 65-74, 75-84, 85-99), after adjustment for age at baseline (continuous variable), smoking status, alcohol use, physical activity, known history of heart disease, stroke, or cancer, body-mass index, systolic blood pressure, and fasting glucose levels. To convert TC from mg/dL to mmol/L, multiply by 0.02586.
Scientific RepoRts | (2019) 9:1596 | https://doi.org/10.1038/s41598-018-38461-y aged 75-79, 80-84, and ≥85 years, respectively. Considering the weaker effect size associated with high TC with advancing age in the elderly, it is no surprise that previous studies conducted mainly in elderly populations found generally inverse or reverse-L-curve associations 13, 14 . Additionally, the previously reported positive associations in younger adults 8 , may be explained by the stronger positive associations and lower optimal range in younger ages observed in our study, combined with the higher TC concentrations and larger proportions of morbidity and mortality from heart diseases in Western populations. The NCEP experts classified TC levels into 3 categories: <200, 200-239, and ≥240 mg/dL, as desirable, borderline high, and high levels, respectively, mainly based on the association between TC and IHD 21 . In the current study, however, TC levels of 210-249 mg/dL and approximately 200-240 mg/dL were associated with the lowest mortality in the categorical and spline analyses, respectively. Our study suggested that the optimal ranges for overall survival are higher than that those for IHD. Similarly, a higher optimal range for overall survival than for IHD mortality has also been reported for BMI 23 . In contrast, the optimal ranges for all-cause mortality and IHD mortality were similar for fasting glucose and blood pressure [24] [25] [26] [27] . Cholesterol levels might be a marker of general health, rather than a marker specific for CVD 28 . Even within CVD subtypes, TC ranges associated with lowest risk have not been consistent. For example, for stroke, TC levels <200 mg/dL were not associated with the lowest mortality in prospective cohort studies 29, 30 , and randomized trials have not provided clear evidence of whether Hazard ratios * using spline transformed total cholesterol (TC) levels for mortality by sex and age. 5 knots (138, 170, 191, 213, and 260 mg/dL) were used with 220 mg/dL as reference. *Hazard ratios and 95% confidence intervals were calculated using Cox hazards models with the same method as in Fig. 3 . To convert TC from mg/dL to mmol/L, multiply by 0.02586.
Scientific RepoRts | (2019) 9:1596 | https://doi.org/10.1038/s41598-018-38461-y lipid-lowering therapies, including statins, reduce stroke mortality 6, 31 . Hemorrhagic stroke, respiratory diseases (especially chronic obstructive pulmonary disease), digestive diseases (especially liver disease), and several cancers have been suggested to be associated with lower TC levels 10, 30, [32] [33] [34] ; thus, the ranges associated with lowest risk might be even higher for these diseases than those for all-cause mortality. However, we could not examine whether the associations differed by cause of death, due to data unavailability. Reverse causality has been suggested as an explanation of higher mortality associated with low cholesterol levels. However, a long term follow-up study in a Japanese-American population showed that individuals with low cholesterol levels maintained over a 20-year period had the worst all-cause mortality, and concluded that reverse causality was unlikely to account for the higher mortality associated with low cholesterol entirely 14 .
Lower optimal ranges for survival at younger ages than at older ages have also been observed for BMI 19 , whereas consistent ranges have been found regardless of sex and age for blood pressure and fasting glucose 26, 27, 29 . Whether different proportions of cause-specific mortality by age lead to the lower optimal range at younger ages needs to be investigated.
The sex-and age-specific levels of TC in the current study of Koreans were lower than those reported in other high-income countries, including Japan, England, and the US [15] [16] [17] 35, 36 . The distribution of TC levels by sex and age, however, were generally similar to those of other regional and ethnic populations, although detailed information is not always available. TC levels peaked at 50-51 years in men and at 56-57 years in women, and after the peak age, the levels decreased more rapidly in men than in women. The crossover point of the mean TC levels between sexes occurred at the age of 50-51 years, exactly at the median age of menopause 37 . The steep decline in estrogen corresponds well to the sharp increase in TC in women that was observed around the time of menopause in the current study.
Randomized trials have provided evidence that statin therapy may lower the overall mortality risk in persons with increased cardiovascular risk, mostly due to the reduction of mortality from heart disease 5, 6 . The evidence, however, may not be definitive enough to claim that "the lower the cholesterol, the better" for all-cause mortality reduction in the general population with relatively low heart disease risk 38 .
The current cholesterol guidelines are heavily based on heart disease risk and recommend a TC range of <200 mg/dL as desirable. TC range <200 mg/dL, however, may not be necessarily a sign of good health when other diseases are considered. The diseases associated with lower TC levels and potential mechanisms have not been conclusively identified. Since the inverse associations in lower TC range were stronger than the positive associations in upper TC range, identification of diseases associated with lower TC levels and further understanding of the mechanisms of such associations may help improve health outcomes in the general population. Pending more research for clarification, careful evaluation and management might increase the chance of preventing and diagnosing potentially life-threatening diseases at an earlier stage in adults with low TC levels.
A very large number of participants, the prospective nature of the study, and complete follow-up for death are clear strengths of this study. Another major strength is that the study participants were ethnically homogeneous and lived in a similar environment covered by the same health care system. Another strength is that this study estimated mortality risk associated with TC levels down to below 120 mg/dL. However, there are limitations. First, the use of 39 . Therefore, the impact of not considering medication use is likely to be modest, and the TC levels in this study generally reflect levels without lipid-lowering medications. Additionally, this study could not determine whether statin-induced low cholesterol increases mortality. Second, other lipid measures, such as low-density lipoprotein and high-density lipoprotein cholesterol levels, were unavailable. Recent dyslipidemia management guidelines are more closely focused on these sub-fractions of cholesterol, so the direct application of our findings to individual patient care might be somewhat limited. Further study is needed to determine the sex-and age-specific associations of cholesterol fractions. Third, information on cause-specific mortality was not available. Fourth, the generalizability of our findings may be affected by the fact that the study participants were homogeneously Korean. The U-curve associations may be generalized to other ethnic populations, since the shape of the associations was generally the same for each sex and each age group, despite their varying cardiometabolic risk profiles. However, some results, such as the magnitude of relative risk associated with TC and the TC range associated with the lowest mortality, may vary by ethnic groups with different distributions of cause-specific mortality and dyslipidemia-related healthcare utilization.
In conclusion, U-curve relationships between TC and mortality were found, regardless of sex and age. TC ranges associated with the lowest mortality were 210-249 mg/dL in each sex-age subgroup, except for the youngest groups of men, aged 18-34 years (180-219 mg/dL), and women aged 18-34 years (160-199 mg/dL) and 35-44 years (180-219 mg/dL). Inverse associations in the range <200 mg/dL were more than 3-fold stronger than positive associations for cholesterol levels ≥200 mg/dL, except for the youngest adults. Positive associations in the upper TC range were strongest for youngest adults and weakened with advancing age. TC levels <200 mg/dL may not necessarily be a sign of good health. Identification and proper management of diseases associated with lower TC levels might improve survival. 
